Abstract. Cochlear progenitor cells are considered as one of the best candidates for hair cell regeneration, thus, the regulation of cochlear progenitor cell proliferation has become a focus in this field. Several genes expressed in the inner ear during postnatal development have been demonstrated to be involved in maintaining the proliferative potential of progenitor cells, but the mechanism for regulating the proliferation and differentiation of cochlear progenitor cells remains poorly understood. Telomerase reverse transcriptase (TERT) has rate limiting telomerase activity and the overexpression of TERT has been shown to promote cell proliferation in series of cell lines. The aim of the present study was to evaluate the expression of TERT in the postnatal development of the cochlea and progenitor cells. The results demonstrated that TERT was expressed in the basilar membranes during the first postnatal week. In vitro, TERT expression in progenitor cells reached a maximum at day 4 after culture and decreased as the culture time prolonged or the cell passage number increased. These results led us to hypothesize that TERT may be involved in the development of the cochlea and in maintaining the proliferation ability of progenitor cells.
Introduction
The lack of adult mammalian hair cell regeneration after damage leads to permanent hearing loss, which for years has attracted attention to manipulating stem/progenitor cells to participate in hair cell regeneration. To date, cells dissociated from the neonatal mammalian basilar membrane have been proved to re-enter the cell cycle and have shown a limited ability to proliferate and differentiate into hair cells in vitro (1) .
Typically, only a small fraction of the dissociated cells is able to grow into colonies and ultimately give rise to hair cells. Sinkkonen et al purified four different non-sensory cell populations from neonatal mouse cochleae by fluorescence-activated cell sorting (FACS). They found that cochlear-supporting cells and cells of the lesser epithelial ridge showed robust potential to proliferate and differentiate into hair cells (2) . Shi et al found that Lgr5-expressing supporting cells, as sorted by flow cytometry, displayed enhanced capacity for self-renewing neurosphere formation in response to Wnt and were converted into hair cells at a higher (>10-fold) rate than unsorted cells were. Lgr5-positive cells had the capacity to act as cochlear progenitor cells, and lineage tracing confirmed that Lgr5-expressing cells accounted for the cells that formed neurospheres and differentiated into hair cells (3) . Furthermore, the proliferative ability of dissociated cochlear cells is transient, and it ceased after the second postnatal week in mice (4, 5) . Several genes expressed in the inner ear during postnatal development were proved to be involved in maintaining the proliferative potential of progenitor cells, but the mechanism for regulating the proliferation and differentiation of cochlear progenitor cells remains relatively poorly understood.
Telomerase, a reverse transcriptase in eukaryocytes, is active in most stem cells, tumor cells and embryonic tissues. The main function of telomerase is to maintain the integrity of chromosomes and the cell cycle. The telomerase complex is composed of two main subunits that provide the enzymatic core function: Telomerase reverse transcriptase (TERT) and an RNA component (TERC). TERC is ubiquitously expressed in normal somatic cells, which serve as a template for telomeric DNA synthesis. TERT expression is limited to highly proliferative tissues; thus, the presence of TERT is rate limiting for telomerase activity (6) . The overexpression of TERT could promote proliferation and immortalization in several series of cells (7, 8) , but the role of TERT in the inner ear remains unclear.
In this study, we evaluated the expression of TERT in the cochlear basilar membrane during postnatal development (P0, P3, P7, P14, P28). Further, the differential TERT levels in cochlear progenitor cells of different culture times, in different otospheres with distinct morphologies and in different generations were evaluated by RT-qPCR. This study allowed us to evaluate for the first time the role of TERT in the development of the cochlea and the proliferation process of cochlear progenitors, thereby providing evidence for the application of TERT in regulating cochlear progenitor cell proliferation and hair cell regeneration. P0 rats were anesthetized on ice, and the others were deeply anesthetized by intraperitoneally administration of an over-dose of choral hydrate (45 mg/kg). After anesthesia, rats at different ages (P0, P3, P7, P14, P28) were sacrificed by cervical dislocation, and the skulls were opened midsagitally. Using a dissecting microscope (SZX10; Olympus, Tokyo, Japan), the cochleae were dissected from the temporal bone followed by removal of the otic bulla to visualize the otic capsule. For ex vivo culture, the membranous labyrinth from P0-P3 rats was exposed, and the cochlear duct was retrieved after excision of the cartilage. The cochlear basilar membranes were micro-dissected from Reissner's membrane, the spiral ligament, and the stria vascularis and were then washed in ice-cold Hank's Balanced Salt Solution (HBSS; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and collected for further use.
Materials and methods

Animals
For in vitro cell culturing, the harvested sheets were inspected, rinsed in sterile, chilled Hanks' balanced salt solution, and processed for cell dissociation.
Cell dissociation and sphere generation. The basilar membranes were incubated in D-Hanks' solution containing 0.5 mg/ml thermolysin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 20 min at 37˚C, and the digestive enzymes were blocked by 10% fetal bovine serum in Dulbecco's modified Eagle's medium/F12 medium (Gibco; Thermo Fisher Scientific, Inc.). The tissue was triturated carefully 30-50 times with glass pipette tips. The suspension was passed through a 70 µm cell trainer to remove clumps and cellar aggregates. The collected cells were cultured at a density of 1x10 4 cells/ml in serum-free medium consisting of DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.), supplemented with N2 and B27, bFGF (10 ng/ml), and ampicillin (50 µg/ml) (all from Sigma-Aldrich; Merck KGaA) in 24-well suspension culture plates. The otospheres were collected at days 2, 4, and 7 for study. The morphological description of sphere formation was the same as previously reported (4) . Briefly, the morphologies of the three types of otospheres were distinguished, the numbers were counted under a light microscope (5 wells) at days 2, 4, and 7, and the ratio of each type of otosphere was calculated. For propagation, otospheres were collected and dissociated from the cells mechanically after treatment with 0.125% trypsin at 37˚C for 5 min, and the cells were reflated in sphere culture medium for 3-5 days to obtain a second generation.
Cell proliferative capability evaluation. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (MTT assay kit; Sigma-Aldrich; Merck KGaA) was applied to evaluate the cell proliferation rates in vitro culture. Briefly, the cells dissociated from basilar epithelial sheets and were plated in 96-well dishes at 3,000 cells/well. The time-points for MTT assay were from day 1 to 7 after culture. After the predetermined time-points of incubation, 10 µl of 10 mg/ml MTT solution was added and incubated for 4 h. Then, the medium was removed, and 150 µl dimethyl sulfoxide (DMSO) was added, followed by shaking for 10 min. The optical density of the solutions in the wells was measured at 490 nm using a photometer (MK3 Multilabel Plate Reader; Thermo Fisher Scientific, Inc.).
Immunocytochemistry. The cochlear from P0, P7, P14, P28 were fixed with 4% paraformaldehyde in 0.1 M PBS for 6 h at room temperature and then dehydrated by 30% sucrose overnight, then the slices were prepared in 10 µm of thickness. The cells were fixed with 4% paraformaldehyde in 0.1 M PBS for 15 min at room temperature and were then washed in 0.01 M PBS for 5 min three times. For immunofluorescent staining, the slices and fixed cells were treated with 1% Triton X-100 (Sigma-Aldrich; Merck KGaA) on ice for 5 min. Non-specific binding sites were blocked for 1 h in PBS containing 0.2% Triton X-100 and 5% bovine serum solution. Primary antibodies of mouse anti-nestin (1:100; Millipore, Billerica, MA, USA) and rabbit anti-TERT (1:50; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were incubated in PBS with 5% BSA and 0.2% Triton X-100 overnight at 4˚C. Then, the secondary antibodies conjugated with Alexa Flour 594 or 488 (1:500; Invitrogen; Thermo Fisher Scientific, Inc.) were added for 2 h at room temperature, and the nuclei were stained by DAPI (4',6-diamidino-2-phenylindole, 1:1,000; Sigma-Aldrich; Merck KGaA). Specimens were evaluated under a confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany). Negative control experiments were performed as above by omitting the primary antibody.
RT-qPCR. Total RNA was isolated from cultured otospheres with RNeasy Micro kits, and 500 ng of total RNA was used for reverse transcription (both from Qiagen, Valencia, CA, USA). Polymerase chain reaction (PCR) analysis was performed with an ABI PRISM 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, USA). The 20 µl reaction mixture contained 10 µl of 2x Green PCR Master Mix, 1 µl of cDNA template, 1 µl of each primer (10 nm), and 7 µl of RNase-free water. The reaction was performed at 95˚C for 5 min, followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec. A sample without cDNA template was processed in parallel and served as a negative control. All of the RT-qPCR reactions were performed in triplicate, with the resultant values combined into an average cycle threshold (cq). The Δcq method with GAPDH as the endogenous reference was used to determine the relative levels of gene expression.
The primers were as follows: PCNA sense, 5'-GCA AC T TGG AAT CCC AGA ACA GG-3' and antisense, 5'-CGC AGA AAA CTT CAC CCC GTC-3'. Other primers were provided by GeneCopoeia, Rockville, MD, USA, including TERT (cat. no. RQP051634), nestin (cat. no. RPQ049303), and GAPDH (cat. no. RQP049537).
Western blot analysis. Isolated basilar membrane sheets were collected and homogenized in ice-cold protein lysis buffer (Sigma-Aldrich; Merck KGaA) containing NaCl 150 mM, Tris 50 mM, NP-40 1%, DOC 0.5%, SDS 0.1% and protein inhibitor cocktail (1 mM). After incubation for 30 min on ice, the samples were centrifuged at 14,000 rpm for 30 min at 4˚C.
The supernatant was transferred to a new tube. Protein was then collected for further use.
Protein samples were denatured in gel sample buffer [100 mM Tris-Cl (pH 6.8), 20% glycerol, 4% SDS, 200 mM DTT, and 0.2% bromophenol blue] by boiling for 5 min at 100˚C. An equivalent quantity of protein (35 µg/lane) was separated on 10% SDS-polyacrylamide gels and was transferred to PVDF membranes (Roche Diagnostics, Basel, Switzerland). After blocking in 5% bovine serum albumin, the membranes were incubated for 1 h at room temperature and then overnight at 4˚C with the following antibodies: Rabbit anti-TERT polyclonal antibody (1:200; Santa Cruz Biotechnology, Inc.) and rabbit anti-GAPDH polyclonal Figure 1 . The expression of TERT in the cochlear during postnatal development (P0, P7, P14, P28) by immunofluorescence. There was low expression of TERT in basilar membrane, spiral ganglion and lateral wall of cochlea at P0 and the fluorescence gradually decreased as cochlear development. At P28, almost no gradually were observed (red; Scale bar, 50 µm). TERT, telomerase reverse transcriptase.
antibody (1:00; Proteintech Group, Inc., Chicago, IL, USA). The membranes were then incubated with the peroxidase-labeled secondary antibodies (1:2,000; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. The membranes were detected by enhanced chemiluminescence (ECL; Millipore). The band intensity was measured, and the value was normalized with regard to GAPDH. All experiments were repeated 5 times to ensure the reproducibility of the results.
Statistical analysis. Quantitative data are expressed as the means ± SD. The statistical process was examined by one-way analysis of variance (ANOVA), followed by the least significant difference (LSD) post hoc test. Analysis was performed using the Statistical Package for the Social Sciences (SPSS software, version 21.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
TERT expression in the cochlear basilar membrane during postnatal development. There was low expression of TERT in basilar membrane, Spiral ganglion and lateral wall of cochlea at P0 and the fluorescence gradually decreased as cochlear development (red). At P28, almost no gradually were observed (Fig. 1) . The RT-qPCR results showed that relatively high levels of TERT mRNA in the basilar membrane were observed at P0, P3, and P7 and gradually decreased to a minimum level at P14 and P28 ( Fig. 2A; P<0.05, n=3) . The western blot results showed that the principal immunoreactive band of 120 kDa was detected with TERT antibody. The antibody GAPDH was used as a loading control. The TERT protein was expressed at a maximum level after birth, but it gradually decreased during postnatal development, and the levels of TERT at P14 and P28 were significantly lower than that at P0 (Fig. 2B; P<0 .05, n=3).
TERT expression in cochlear progenitor cells in vitro
The proliferative rate of cochlear progenitor cells decreased as the culture time increased. We collected cultured cochlear otospheres at different times to evaluate the cell proliferation rate by MTT assay. We observed a significantly enhanced proliferation of cells from day 1 to 4 and found the maximum effect at day 4. Then, the growth of cochlear progenitor cells remained stable from day 5 to 7 ( Fig. 3; n=3) , which indicated that the proliferative rate of the cochlear progenitor cells was decreased.
The harvested cells could give rise to three different types of morphologically distinct spheres when cultured in vitro, and the ratio of each type of morphologically distinct sphere varied as the culture times prolonged. We compared the ratios of the three different otospheres at days 2, 4, and 7. As shown in Fig. 4A , the volume of otospheres gradually increased as the culture time increased. The ratio of solid otospheres was maximal at day 2 and then decreased, whereas the ratio of hollow otospheres increased and reached the maximum ratio at day 7 ( Fig. 4B) .
The expression of TERT in cochlear progenitor cells cultured in vitro.
Immunocytochemical studies showed that cochlear progenitor cells were positive for TERT expression when cultured in vitro. The fluorescence intensity became stronger from day 2 to 4, and the strongest fluorescence was observed at day 4, but almost no fluorescence was observed at day 7 (Fig. 5) . RT-qPCR showed that the TERT mRNA expression was at the minimum level at day 2, gradually increasing and reaching at the maximum level at day 4, coincident with the expression of nestin and PCNA (P<0.05, n=3) (Fig. 6A) .
The otospheres with different morphologies were identified under a microscope on day 7 to evaluate the levels of nestin, PCNA and TERT mRNA among the three types of otospheres. The results showed that the level of TERT mRNA was significantly higher in solid otospheres than in the hollow otospheres (P<0.05, n=3), whereas the expression of nestin and PCNA did not show any significant differences among the three types of otospheres (P>0.05, n=3) (Fig. 6B) .
As is known, the cochlear progenitor cells obtained limited proliferative capabilities when cultured in vitro, and the At day 2, most of them were small, solid otospheres. At day 4, the otospheres became larger, and some hollow otospheres could be seen. At day 7, most of the otospheres were large, hollow otospheres (Scale bar, 100 µm). (B) Shows that the ratio of solid otospheres was maximal at day 2 (79.6%) and then decreased, whereas the ratio of hollow otospheres increased and reached the maximum ratio at day 7 (17.6%). Figure 5 . TERT expression in progenitor cells was observed both at nuclei and plasma (red). The fluorescence intensity of TERT became stronger from day 2 to 4 when cultured in vitro, and the strongest fluorescence was observed at day 4, but almost no fluorescence was observed at day 7. The expression of nestin did not show any significant difference (green; Scale bar, 20 µm). TERT, telomerase reverse transcriptase.
proliferation capabilities decreased after cell passage. In our study, we collected the first and second generations of progenitor cells. The expression of TERT, nestin and PCNA was evaluated by RT-qPCR. The expression of TERT significantly decreased when the progenitor cells were passaged, coincident with the expression of nestin and PCNA (P<0.05, n=3) (Fig. 6C) .
Discussion
Cochlear progenitor cells are a subset of distinct cells between stem cells and terminally differentiated cells, and they obtain limited proliferative capability and exit the cell cycle after mitosis (9) . Several genes involved in cochlear development have been proved to promote the proliferation of cochlear progenitor cells. Chai et al demonstrated that upregulating the level of β-catenin in progenitor cells could significantly promote cell proliferation (10) , but that inhibiting the Notch pathway could promote progenitor cell differentiation into hair cells (11) . However, the mechanism for the regulation of cochlear progenitor cell proliferation remains poorly understood.
In this study, we evaluated the expression of TERT in inner ear cells. First, we evaluated the differential expression levels of TERT in the basilar membrane during postnatal development by RT-qPCR and western blot analysis. Then, the TERT expression in the progenitor cells was evaluated by immunocytochemistry and RT-qPCR. The aim of this study was to evaluate the expression level and potential functions of TERT in postnatal cochlear development and in cochlear progenitor TERT is the main component of telomerase complex, the presentation of which is critical to maintaining the activity of telomerase (12) (13) (14) (15) (16) (17) . Most eukaryocyte somatic cells have undetectable telomerase activity due to transcriptional repression of the catalytic subunit TERT during the early stage of embryo development, but its expression is limited to highly proliferative tissues, such as germ cells and stem cells after birth. Several studies have proved that TERT is critical for maintaining the capability of stem cells and promoting cell proliferation (18) (19) (20) (21) (22) (23) (24) .
TERT was expressed in the basilar membrane during the first 7 days after birth, which indicated that TERT may be related to the postnatal development of the cochlea. As previously reported, the MTT assay results showed that progenitor cells proliferated significantly from day 1 to 4 and reached the maximum effect at day 4. Then, the growth of cochlear progenitor cells remained stable from day 5 to 7. The RT-qPCR results showed that nestin and PCNA were expressed at the highest levels at day 4. All of these results suggested that the proliferation capability of progenitor cells increased gradually and reached the maximum at day 4. The TERT expression in the cochlear progenitor cells reached the maximum level at day 4, coincident with the variety of proliferation abilities of progenitor cells, provided evidence that the expression of TERT might be involved in maintaining the proliferation capability of cochlear progenitor cells.
The progenitor cells cultured in vitro were observed to give rise to three different types of morphologies, that is, solid otospheres, transitional otospheres and hollow otospheres. Each type of otosphere obtained distinct features. The solid otospheres showed the smallest volume, and they were composed of small densely packed cells without any features of epithelial origin. In contrast, the hollow otospheres obtained the largest volume, and the cells were larger, with the classic characteristics of epithelial cells, coincident with previous reports. Whitlon reported their observation that the progenitor cells initially formed solid otospheres and that these otospheres became larger and transformed into hollow otospheres 48 h after culture, with the increasing volume of single cells. The cells in hollow otospheres formed a single layer organization, with increased expression of E-cadherin, which was localized to cellular junctions (25) . All of these findings indicated a mature epithelial morphology. The cells from hollow otospheres could not form new spheres after they were digested into single cells, whereas cells from solid otospheres could give rise to new otospheres after passage, which indicated that the progenitor cells gradually lost the features and proliferative ability of stem cells as they transformed into hollow otospheres (4, 5, 26) . The RT-qPCR results showed that the nestin and PCNA mRNA levels were significantly higher in the solid otospheres and decreased after passage, indicating that the proliferative capacity of progenitor cells decreased as culture time and passage number increased, but the expression of TERT significantly decreased when the otospheres transformed from solid otospheres into hollow otospheres, and progenitor cells were passaged.
In conclusion, we demonstrated that TERT was expressed in the basilar membrane during the first 7 days after birth. The expression of TERT in progenitor cells reached the maximum at day 4 and decreased as both the culture time and number of passages increased, coincident with the proliferation variety of cochlear progenitor cells. All of these results led us to hypothesize that TERT might be involved in the development of the cochlea and in maintaining the proliferative capability of progenitor cells. Further investigation is needed to explore the potential role of TERT in progenitor cell proliferation. Understanding the mechanism of the regulation of TERT expression could provide valuable insights into cochlear hair cell regeneration and the treatment of hearing impairment.
